Proton-bound heterodimers of substituted benzamides 1-15 and N, Ndimethyl benzamides 16-30, respectively, with a series of reference bases were generated under chemical ionization conditions. Their dissociation into the protonated amide AH* and protonated reference base BH+ was studied by metastable ion techniques and by collision-induced dissociation (CID) to examine substituent effects on the proton affinity (PA) of the benzamides and to elucidate some aspects of the dissociation dynamics of proton-bound clusters. The PAS of the substituted benzamides were determined by bracketing the amide by a pair of reference bases to give rise to more and less abundant signals of the protonated base in the mass-analyzed ion kinetic energy (MIKE) spectra of the proton-bound heterodimers. The sub&intent effects observed agree with 0-protonation in both the primary and the tertiary benzamides. However, the susceptibility of the benzamide to polar substituent effects is remarkably small, which indicates a "resonance saturation" of the amide roup. The relative abundances of AH+ and BH+ in the MIKE and collisional activation CA) mass spectra F depend strongly on the pressure of the collision gas during CID, and in certain cases a reversal of the relative abundances with increasing pressure that favors the formation of BHf from a less basic reference base is observed. Although this effect underlines the limited possibilities of the "kinetic method" for PA determination by CID of proton-bound heterodimers, it uncovers important kinetic effects during the dissociation of proton-bound heterodimers and of proton transfer reactions in the gas phase. In the case of the protonated amide clusters, the observed intensity effects in the CA mass spectra are explained by a double-well potential energy surface caused by solvation of the protonated base by the polar amide in the protonated heterodimer. (I Am Sot Mass Spectrom 1994, 5, 826-836) P roton transfer between molecules is one of the important fundamental chemical processes. Proton transfer reactions and in particular acid-base equilibria in solution have been studied for a long time, and it is wet1 known that these reactions are strongly influenced by solvent effects [ll. Therefore, the quantitative study of proton transfer reactions and equilibria in the gas phase is of special interest to separate intrinsic properties of the molecules from solvent effects [Z]. In addition, most of the organic reactions take place in nonpolar organic solvents with dielectric constants distinctly less than that of water, and even enzymatic processes of biochemistry and physiology proceed in a nonpolar environment more related to organic solvents than to water [31. However, most acid-base equilibria have been studied in aqueous solution. Hence, gas-phase basic+ (GB) and proton affinity (PA) of organic compounds are fundamental molecular properties that permit a profound insight into the correlations between molecular structures, molecular stability, and reactivity [4] , and are at least as useful as data from aqueous solution for an extrapolation to properties of ions in organic environments. An important phenomenon related to GB and PA is the formation of hydrogen bonds between molecules [51. Hydrogen bonding in solution is not only important for solvent effects of polar solvents but also for the creation of supermolecular structures by association and for the formation of tertiary structures of proteins and related natural compounds. In this connection, a study of the formation and the dissociation of hydrogen-bound dimers and clusters in the gas phase is very informative. In view of the important phenomena linked to transfer and association of protons to protein molecules [6] with a backbone structure of peptide bonds, a study of the GBs and PAS of amides and of the properties of their gaseous proton-bound complexes is of special importance. The PAS of the common amino acids and of some simple peptides have been published recently [7] , but the GBs and PAS of only a few amides have been determined so far [81. However, a reliable knowledge of the GB and PA of a set of structurally related amides is necessary to obtain rules that allow extrapolations to structural effects on these quantities in complicated large biomolecules.
Proton-bound heterodimers of substituted benzamides 1-15 and N, Ndimethyl benzamides 16-30, respectively, with a series of reference bases were generated under chemical ionization conditions. Their dissociation into the protonated amide AH* and protonated reference base BH+ was studied by metastable ion techniques and by collision-induced dissociation (CID) to examine substituent effects on the proton affinity (PA) of the benzamides and to elucidate some aspects of the dissociation dynamics of proton-bound clusters. The PAS of the substituted benzamides were determined by bracketing the amide by a pair of reference bases to give rise to more and less abundant signals of the protonated base in the mass-analyzed ion kinetic energy (MIKE) spectra of the proton-bound heterodimers. The sub&intent effects observed agree with 0-protonation in both the primary and the tertiary benzamides. However, the susceptibility of the benzamide to polar substituent effects is remarkably small, which indicates a "resonance saturation" of the amide roup. The relative abundances of AH+ and BH+ in the MIKE and collisional activation CA) mass spectra F depend strongly on the pressure of the collision gas during CID, and in certain cases a reversal of the relative abundances with increasing pressure that favors the formation of BHf from a less basic reference base is observed. Although this effect underlines the limited possibilities of the "kinetic method" for PA determination by CID of proton-bound heterodimers, it uncovers important kinetic effects during the dissociation of proton-bound heterodimers and of proton transfer reactions in the gas phase. In the case of the protonated amide clusters, the observed intensity effects in the CA mass spectra are explained by a double-well potential energy surface caused by solvation of the protonated base by the polar amide in the protonated heterodimer. (I Am Sot Mass Spectrom 1994, 5, 826-836) P roton transfer between molecules is one of the important fundamental chemical processes. Proton transfer reactions and in particular acid-base equilibria in solution have been studied for a long time, and it is wet1 known that these reactions are strongly influenced by solvent effects [ll. Therefore, the quantitative study of proton transfer reactions and equilibria in the gas phase is of special interest to separate intrinsic properties of the molecules from solvent effects [Z] . In addition, most of the organic reactions take place in nonpolar organic solvents with dielectric constants distinctly less than that of water, and even enzymatic processes of biochemistry and physiology proceed in a nonpolar environment more related to organic solvents than to water [31. However, most acid-base equilibria have been studied in aqueous solution. Hence, gas-phase basic+ (GB) and proton affinity (PA) of organic compounds are fundamental molecular properties that permit a profound insight into the correlations between molecular structures, molecular stability, and reactivity [4] , and are at least as useful as data from aqueous solution for an extrapolation to properties of ions in organic environments.
An important phenomenon related to GB and PA is the formation of hydrogen bonds between molecules [51. Hydrogen bonding in solution is not only important for solvent effects of polar solvents but also for the creation of supermolecular structures by association and for the formation of tertiary structures of proteins and related natural compounds. In this connection, a study of the formation and the dissociation of hydrogen-bound dimers and clusters in the gas phase is very informative. In view of the important phenomena linked to transfer and association of protons to protein molecules [6] with a backbone structure of peptide bonds, a study of the GBs and PAS of amides and of the properties of their gaseous proton-bound complexes is of special importance. The PAS of the common amino acids and of some simple peptides have been published recently [7] , but the GBs and PAS of only a few amides have been determined so far [81. However, a reliable knowledge of the GB and PA of a set of structurally related amides is necessary to obtain rules that allow extrapolations to structural effects on these quantities in complicated large biomolecules. . In spite of this, the small effect of the acyl group on the PAS of some tertiary amides [I21 may be an indication of N-protonation at least for tertiary amides in the gas phase. A possibility to distinguish between 0-and N-protonation of amides in the gas phase is a systematic study of substituent effects on the GBs and PAS of primary and tertiary benzamides.
A polar substituent effect at the para position is linked by resonance to the positive charge of the amide group only in the case of an O-protonation and leads to different effects of the same substituents at the mcta and the para positions. In the case of N-protonation the substituted benzoyl group will exert only inductive effects on the ammonium group, and one would expect only small differences owing to the meta or para position of identical substituents. to be well suited for a determination of the PAS of amides.
In the original version of the "kinetic method" a linear correlation between the ratio of the intensities of the relevant ions formed from the proton-bound heterodimer and the PA difference of its components is assumed [13] . Hence, after calibrating this correlation with a few pairs of proton-bound heterodimers, the PAS are determined by interpolation from the corresponding calibration curve. Recently it was shown [7h, 7i, 141 that this correlation is not valid if the molecular geometry of the compounds studied changes on protonation. Here we will show that an interpolation generally is not valid for polar compounds because of certain effects in the dissociation dynamics of protonbound heterodimers.
In fact, the kinetic method that uses the linear extrapolation can be used reliably only in a few special cases, as already mentioned by Cooks and co-workers [15] . Thus, the use of the technique to measure the dissociation of proton-bound clusters for a determination of PA should be restricted to the study of metastable clusters of low internal energy and to the use as a bracketing method.
Experimental
The primary benzamides l-15 and the tertiary N,Ndimethyl benzamides M-30 (Scheme II) were prepared from the corresponding substituted benzoyl chlorides by treatment with concentrated aqueous ammonia and a solution of dimethyl amine hydrochloride in 20% aqueous NaOH, respectively, via standard procedures of organic chemistry [16] . The purity and structure of the amides were verified by thin-layer chromatography, 'H nuclear magnetic resonance spectroscopy, and electron ionization (EI) mass spectrometry (70 eV). The reference bases used for this study are commercially available and were used without further purification. amide and a selected reference base (molar ratio 1:5) were admitted into the ion source until the total ion source pressure was 3-6 X lop4 mbar, and the proton-bound dimers were formed with sufficient intensity. The proton-bound heterodimer that contained the amide and the reference base was selected by setting the magnetic field strength to the appropriate mass-to-charge ratio value and focusing the selected ions into the last field-free region of the Autospec instrument. The fragmentations of metastable proton-bound clusters were followed by scanning the second electrostatic analyzer of the Autospec mass spectrometer [mass-analyzed ion kinetic energy (MIKE) spectrometry].
Collision-activated (CA) mass spectra were obtained analogously but by the introduction of He into the collision cell of the field-free region behind the magnetic analyzer. The CA spectra were recorded at various He pressures in the collision cell ranging from 1-3 X 10m6 mbar measured at the ion gauge before the analyzer high vacuum pump of the Autospec mass spectrometer.
Scheme III.
Results and Discussion
ton-bound heterodimers exhibit only signals for a fragmentation into the protonated components, that is, the protonated base and the protonated amide. Additionally, CA spectra were measured to ensure that the ions selected for analysis are indeed proton-bound pairs and not covalently bonded products of ion-molecule reactions induced by the collision of the protonated species with neutral molecules. This would be detected in the CA spectra by signals of ions composed of groups from both components of the cluster. The CA spectra of the proton-bound heterodimers from the amides and reference bases listed in Tables 1 and 2 exhibit intense signals only for the protonated compo nents, and only at high pressures of the collision gas do additional small peaks of ions that result from further fragmentations of the protonated components appear.
Thus there are no indications for covalent bonding in these clusters. However, as will be discussed in the next section, the intensity ratio of the signals of the protonated components in the MIKE and CA spectra change and depend distinctly on the pressure of the gas in the collision cell. Accordingly, it is not possible to determine the PAS of the amides by the usual interpolation technique of the kinetic method. Instead, the signals of the protonated amide and the protonated reference base were taken only from the MIKE spectra of the proton-bound heterodimers to bracket qualitatively the PA of the amide by a pair of reference bases, which give rise to less and to more
Subsfituenf Effects on the Proton Affinity of Benzamides and N,N-Ditnefhyl Benzamides
The PAS of the benzamides l-15, of the N,N-dimetbyl abundant protonated base, respectively, compared with benzamide 16630 (Scheme III), and of the reference the protonated amide. The rationale for this PA deterbases [81 used for the determination are listed in Tar&ration is the assumption that the MIKE spectra bles 1 and 2. The PAS of the amides are derived from show only the dissociation products of clusters of the unimolecular fragmentation of the respective pro small internal energies, and that at least during the ton-bound heterodimers generated in the ion source dissociation of a cluster with low excess energy the under Cl conditions.
The MIKE spectra of these proproton will stay preferentially with the more basic 0 gc/W O+_.W',), I I These assumptions will be discussed in detail in the next section.
Amines have been used as the bracketing bases as far as possible to avoid further complications owing to a change of the atom at the basic center of the reference base. Exceptions are the least basic primary benzamides 12-15, which were clustered with aliphatic ethers. A disadvantage of bracketing is the limited accuracy of the PA determination. By a careful choice of the reference bases it is possible to bracket the PAS of the amides within less than 5 kJ/mol in most cases, but the true value may be anywhere in this range. Furthermore, the PAS of the reference bases are known only to about *4 kJ;/mol[81, which expands the error bars of the PAS determined by bracketing to about * 8 kJ/mol. It is not possible to reduce this error by an increased number of determinations, and the main contribution comes from the error of the PAS of the reference bases used [B] . The PAS of the benzamides given in Tables 1 and 2 are the mean between the PAS of the two bracketing reference bases shown, and the maximum uncertainty is given by adding &4 kJ/mol to the PA difference of the respective bases. The disadvantage of dismissing the interpolation method is clearly seen in the difficulty to distinguish between the groups of primary benzamides 11-14 and of tertiary benzamides 23-26 substituted by Cl and F in the meta and para positions, respectively. In these series the PA differences are obviously small, and all the amides are bracketed by 4-cbloroaniline and aniline (APA = 3 kJ/mol) or N-ethyl aniline-m-phenylene diamine (APA = 2.5 kJ/mol [8] ) and 2-butyl amine-pyridine (APA = 2 kJ/mol [gl). There are two more groups of amides (2, 4, 6, and 7, and 16, 19, and 21) bracketed by the same pair of reference bases. To establish the order of PAS for these beruamides the dissociation of metastable proton-bound heterodimers of pairs of amides within each group was studied. These experiments resulted in the order of PAS given in Figure 1 .
The PAS of the benzamides and N,N-dimethyl benzamides are influenced by substitution at the phenyl ring as expected; the electron-withdrawing sub- Second, the susceptibility of the PAS of the benzamides to polar substituent effect is rather small. within an 0-protonated amide group was considered earlier to explain the identical substituent effects on the p K, of 4-substituted benzamides and 2,6-dimethyl benzamides in aqueous solution [9] . However, a diminution of a resonance interaction between the aromatic ring and protonated amide group by delocalization of the charge into the solvate shell could not be excluded.
As will be discussed elsewhere [17] , the substituent effects on the PAS of 2,b-dimethyl benzamides and benzanilides are also small and follow the pattern discussed in this paper. Clearly, the unusually small susceptibility of amides toward polar substituent is an intrinsic property and is not due to solvent effects.
Dissociation of Proton-Bound Heterodimers of Benzamides
The intensity ratio of the peaks of the protonated amide and the protonated reference base in the CA spectrum of the respective proton-bound heterodimer depends on the pressure of the collision gas in the CA cell during the measurement.
This effect already was observed for the dissociation of the proton-bound dimers of some peptides and polyamines [14] . For the protonated amide clusters, an example is shown in Figure 3 for the collision-induced decomposition (CID) of the proton-bound cluster of m-methoxy benzamide and l-amino phenol. Unexpectedly, by increasing the pressure in the CA cell the ratio of the abundances of the protonated amide and the protonated 2-amino phenol not only approaches unity but decreases further with an increase of the pressure, that is, at large pressures of the collision gas He in the cell the proton stays preferentially with the less basic component of the cluster. Clearly this must be a kinetic effect of the dissociation of the proton-bound heterodimer, and the dissociation is no longer governed by the thermochemistry of the process.
Although a dependence of the relative abundances for protonated amide and protonated reference base in the CA spectra is observed in all cases studied, an inversion of the ratio measured in the MIKE spectrum is observed only for those heterodimers marked in Table 3 . 
k nH+/ksH+= QL+/Q&,+x exp(As'/RT)
ln(kAu+/kBH+) = ln(v,n,/v,,+)
is derived from an application of the absolute rate theory to the unimolecular dissociation of the protonated cluster, which yields eq 2, where e" is the activation energy of the dissociation and Q and Q* are the partition functions of the reactant cluster and the transition state, respectively. In the case of an activated species that decomposes via two competing reaction channels with the respective rate constants k AH+ and kBHcr the relative rates are given by eqs 3 j Am Sac Mass Spectrom 1994, 5, 826-836 PROTON-BOUND COMPLEXES AND BENZAMIDE PA 833 slightly less basic component in the proton-bound heterodimer, and that the effect is more often observed for tertiary N,N-dimethyl benzamides than for primary benzamides. We suggest that the effect of an increasing excess internal energy of the proton-bound heterodimer (caused by the increasing collision gas pressure) on the branching ratio of the dissociation is a consequence of an asymmetric double-well potential energy hypersurface for the proton-bound heterodimer. This asymmetric double well arises from a strong electrostatic interaction of the polar amide group with cations. A strong interaction of this type is also the reason for the well known solubility of many salts in NJ-dimethyl formamide (DMF) and other liquid amides. In the gas phase this strong ion-dipole interaction specifically favors a complex of a positive ion and a neutral amide molecule.
Usually it is assumed that the complementary complexes of proton-bound dimers and heterodimers that correspond to the two possible asymmetric hydrogen bonds are separated by no energy barrier or only a small energy barrier without any effect on the rates of Mematic potential txwrgy diagram for a protorbound amide hetercdimer. the dissociation [4] . This model was developed by theoretical calculations and experimental studies of simple proton-bound clusters [20] . The situation is very likely more complex in the case of proton heterodimers composed of large polar molecules because the relative orientation of the two components for optimal hydrogen bond strength may be hampered sterically.
It is known that the activation energy of proton transfer depends critically on the correct alignment of the donor and acceptor groups [20] in ihe complex.
Furthermore, the potential energy of the complex is determined not only by the energy gain of the hydrogen bond, but also by electrostatic interaction between ionic and neutral species. The amide group has a very large dipole moment, and the energy gained by ion-dipole interaction between a cation and a neutral amide molecule is rather large. Thus, if the second component B is not very polar and has a PA only a few kilojoules per mole less than the amide A, the asymmetric complex (BH+.-A) with the proton attached to the less basic component may be energetically favored over the complementary complex (B .. H+A) (Figure 4) .
by further experiments bf the gas-phase properties of proton-bound heterodimers by using multidentate ligands for the proton to induce reorientations in the protonated clusters during dissociation. [22] . Theoretical calculations have shown [20] that the dynamics of proton transfer depend strongly on the chemical surroundings of the transferred proton. It may be significant that the intensity reversal of [AH*] and [BH+] during the CID of the proton-bound amide clusters is predominantly observed for the complexes of tertiary N,N-dimethyl benzamides that contain only the "bridging"
proton.
In the proton-bound heterodimers of benzamides the additional mobile protons at the primary amino group may assist in the proton jump and the reorientation of the components. It will be of much interest for the understanding of the dynamics of proton transfer reactions and of hydrogen bonding of amides and proteins to confirm this model This unique structure of the potential energy hypersurface has few consequences for the dissociation of proton-bound heterodimers of low internal energies E. Either the formation of the protonated amide AH+ is the only reaction possible (.z&,+ < E < &+ ) or the dissociation rates are slow compared to the rate of interconversion of the two asymmetric complexes. In this case the dissociation is dominated by a reaction via the energetically most favored exit channel [21] . However, this may change at large excess energies of the proton-bound himer because the dissociation rates are now much faster and may exceed the rate of isomerization.
In this case the population of the ground-state configuration of the proton-bound heterodimer becomes important, and because more ground-state complexes have the proton attached to the less basic component B, dissociation into BH+ becomes favored.
